ABSTRACT
INTRODUCTION
The budding yeast Saccharomyces cerevisiae and the fission yeast Schizosaccharomyces pombeare important eukaryotic model organisms for the study of many fundamental biological processes such as cell cycle control, transcriptional and translational regulation and signal transduction (5, 11, 13) . This is largely due to three characteristics of these yeasts. First, they are single-cell organisms that can be maintained in a haploid state, allowing identification of rare mutants that carry either dominant or recessive mutant alleles that affect the process under study. Second, controlled mating of haploid strains permits the construction of diploid strains, which can then sporulate to produce asci containing four haploid spores. This sexual life cycle is exploited to provide important genetic information about mutant alleles with regard to dominance/recessiveness, complementation, linkage and epistatic relationships. Finally, yeast can be transformed with autonomously replicating plasmids to allow for cloning of genes based on their ability to confer an identifiable phenotype. Wild-type alleles of genes are frequently cloned by screening a plasmid library for clones that confer the wild-type phenotype upon a recessive mutant host strain. One can also clone a dominant mutant allele by screening a library that carries this allele for plasmids that can confer the mutant phenotype upon a wild-type host strain. Genes can also be cloned as multicopy or high copy suppressors. In this case, the overexpression of the cloned gene suppresses a defect in a different gene in the host.
Cloning in S. cerevisiaehas been greatly facilitated by the construction of libraries in plasmid vectors containing centromeres that maintain a low copy number, but a high fidelity of mitotic transmission (14) . This is technically possible due to the small size of the S. cerevisiae centromere that is less than 200 bp (2) . While S. pombecan also maintain autonomous plasmids, there are no low copy mitotically stable plasmids available. This is because S. pombecentromeres are greater than 40 kbp (2), making them too large to incorporate into cloning vectors. Thus, S. pombetransformants generally carry plasmids in moderate to high copy number (6) .
There are two potential problems in cloning S. pombegenes related to the lack of low copy number plasmids. First, clones carrying multicopy suppressors can suppress the mutant phenotype of a host strain as well as, if not better than, clones carrying a wild-type allele of the gene defective in the host. While multicopy suppression is unlikely to occur in the cloning of genes in biosynthetic pathways, it is common in signal transduction or transcriptional regulation studies where multiple pathways can control a single biological process. Second, genes that are detrimental to the host when overexpressed may be resistant to cloning since the desired transformants may grow very poorly, if at all.
We describe a strategy for cloningS.
pombegenes that may otherwise be resistant to cloning by plasmid complementation. This strategy involves insertional mutagenesis by a marked plasmid followed by rescue of the plasmid, along with genomic DNA from the site of insertion, into Escherichia coli . As sequence determination of the S. pombe genome is almost completed, DNA sequence information of sites of integration will be sufficient to allow for the immediate identification of genes of interest and their cloning using PCR technology. Therefore, unlike plasmid complementation, genes can be cloned by this approach without ever needing to be overexpressed in S. pombe .
MATERIALS AND METHODS

Insertional Mutagenesis
The S. pombestrain CHP578 ( h + fbp1::ura4 + ura4::fbp1-lacZ leu1-32 his3-D1 ) was used for insertional mutagenesis. This strain carries two integrated reporter genes ( S. pombe ura4and E. coli lacZ ) fused to the fbp1promoter that is transcriptionally repressed by glucose (8) . It also carries the his3-D1 deletion allele (1) . Yeast cells were transformed to His + as previously described (4) with 1 µ g Ngo MIV-linearized (New England Biolabs, Beverly, MA, USA) plasmid pAF1 which carries the his3 + gene (Reference 12 and Figure 1 ). The transformed cells were plated to PM medium (16) lacking histidine (PM-his) to select for cells that received the pAF1 DNA.
Mutant Screen
Mutations that inhibit the PKA activation pathway cause both the derepression of fbp1transcription (8, 9) and the derepression of gluconate uptake (3) and are designated as conferring a glucose insensitive transcription (Git -) phenotype. We therefore screened for mutations in this pathway by replica plating from the PM-his transformation plates to SC-ura (15) (containing 8% glucose to screen for constitutive fbp1-ura4 + expression) and to synthetic complete (SC) with 3% gluconate as the carbon source (to screen for constitutive gluconate uptake that abolishes a lag in growth when shifting from glucose-to gluconate-based media) (3) . Colonies that grew both on SC-ura within two days and on SC gluconate within three days were purified and assayed for β -galactosidase ( β -gal) activity expressed from the fbp1-lacZ reporter in cells grown under glucoserich conditions (8) . Those strains with elevated β -gal activity were crossed to strain CHP555 ( h -fbp1::ura4 + ura4::fbp1-lacZ ade6-M216 lys1-131 leu1-32 his3-D1 ) to see if the His + phenotype cosegregated with the Git -phenotype. Three mutants were identified this way and were used to rescue the integrated plasmids along with flanking genomic DNA as described below. (12) . Other key features to note include a unique Ngo MI site, the Sac I to Eco RI (S<-E) polylinker 3 ′ to his3and the sites to which sequencing primers BS250 and T3 anneal. Plasmid pAF1 is linearized with Ngo MIV and used to transform a his3-D1strain to His + . Nonhomologous insertion of the plasmid into a gene of interest will result in the desired mutant phenotype. Once the insertion event has been shown to be linked to the mutant phenotype (all mutant progeny are His + in crosses of the integrant with a his3-D1tester strain), genomic DNA can be isolated, digested with a restriction enzyme that cuts in the Sac I to Eco RI polylinker (in this case Eco RI) and circularized by ligation to create a plasmid with most of the pBluescript SK+ backbone and a portion of the genomic DNA from the site of integration. The ends of the cloned genomic DNA can be sequenced with primers BS250 (reading across the insertion junction) and T3 (reading from the polylinker across the restriction site in the flanking DNA).
Plasmid Rescue into E. coli
Plasmids carrying genomic DNA from the site of integration were rescued into E. coli by isolating genomic DNA from the integrants, digesting the DNA with a restriction enzyme, ligating the DNA and transforming E. coli to ampicillin-resistance ( Figure 1 ). All restriction enzymes and T4 DNA ligase were purchased from New England Biolabs and used according to the manufacturer's instructions. Genomic DNA was prepared from 10 mL yeast extract liquid (YEL) cultures (5) by Smash and Grab as previously described (7) (as done for preparation of genomic DNA for Southern hybridization) and resuspended in 100 µ L H 2 O. Restriction digestion of this DNA was carried out using 5 µ L DNA in a 50 µ L reaction mixture with 40 U enzyme for 1 h. For Eco RI or Xba I digests, the enzyme was heat inactivated at 80°C for 20 min.
Following enzyme inactivation, 2.5 µ L 20 mmol/L ATP and 0.5 µ L T4 DNA ligase were added to promote circularization of the DNA molecules. Ligation reactions were incubated at 16°C for 1 h, ethanol precipitated and resuspended in 5 µ L water. Electroporation-competent E. colistrain XL1-Blue (Stratagene, La Jolla, CA, USA) was transformed according to the manufacturer's instructions with 1 µ L of the precipitated ligation reaction. For genomic DNA digests with enzymes other than Eco RI or Xba I, phenol-chloroform extraction was used to inactivate the enzyme. The digestions were then ethanol precipitated and resuspended in a 50 µ L ligation mixture. Ligation, ethanol precipitation and transformation of E. coli were carried out as described above.
DNA Sequence Analyses
DNA sequencing was performed on rescued plasmids with primer BS250 5 ′ -TTTTTGGGGTCGAGGTGC-3 ′ that sequences across the insertion junction and with the T3 promoter primer 5 ′ -ATTAACCCCTCACTAAAGGGA-3 ′ that sequences across the restriction site cut in the flanking genomic region (Figure 1 ). DNA sequencing was performed using Big Dye ™ Terminators (PE Biosystems, Foster City, CA, USA) on an ABI 377XL Automated Sequencer by Bioserve Biotechnologies (Laurel, MD, USA).
RESULTS AND DISCUSSION
Overview of Insertional Mutagenesis and Gene Cloning Strategy
The goal of this study was to determine whether or not we could generate untargeted mutations in S. pombe genes by the nonhomologous integration of a plasmid, and then rescue the plasmid along with some of the flanking genomic DNA back into E. coli for DNA sequence analysis. A similar approach has been developed using a PCR product carrying the ura4 + gene with rescue by inverse PCR (P.G. Young, personal communication). We conducted this study since we already use ura4 + as a reporter for fbp1transcription (see Materials and Methods). We also hoped to develop a method for cloning DNA from the site of insertion that would be simpler than inverse PCR and would allow for the rescue of relatively large (>6 kb) portions of genomic DNA directly as cloned DNA.
Our general strategy is outlined in Figure 1 . Plasmid pAF1, carrying the S. pombe his3 + gene (12) , was linearized and used to transform the host strain to His + . The S. pombe strain CHP578 carries a complete deletion of his3to prevent homologous plasmid integration at the his3 locus or gene conversion of the his3 mutant allele to his3 + . These transformants were then screened for the desired mutant phenotype. Candidates were tested by a linkage analysis to see if the His + phenotype was linked to the desired mutant phenotype, which indicated that the plasmid insertion was responsible for the mutant phenotype.
Genomic DNA was isolated from the mutant transformant and digested with a restriction enzyme that cuts in the polylinker between the his3 + gene and the pBluescript ® II SK+ (Stratagene, La Jolla, CA, USA) backbone of pAF1 and in the flanking genomic DNA. This DNA was circularized by ligation and used to transform E. coli to ampicillinresistance. Finally, the two ends of the insert DNA were sequenced and the sequence was analyzed by Blast search of the GenBank ® DNA database and the S. pombegenome database (http://www. sanger.ac.uk/Projects/S_pombe/blast_ server.shtml) to identify the gene at the site of insertion.
Insertional Mutagenesis and Mutant Screen
For this study, we linearized pAF1 at the unique Ngo MIV site over 300 bp from the his3 + gene to avoid loss of the his3function, should DNA be removed from the ends of the molecule before or during the integration process. His + transformants were screened for a mutant phenotype, in this case the coordinate increase of fbp1-ura4transcription and gluconate uptake that is characteristic of strains carrying mutations in git genes involved in the activation of protein kinase A (PKA) in response to glucose detection (8, 9) . From a total of eight transformations, we screened approximately 6800 medium-sized to large His + colonies (see Materials and Methods). There was a significant background of unstable His + microcolonies (10-20 ×the number of larger colonies) on the transformation plates, most likely due to uptake but not integration of pAF1. However, we made no effort to clean up this background since these colonies did not interfere with the detection of the desired mutants.
We identified three colonies that appeared to be git mutants based on the following criteria (see Materials and Methods). These strains grow well on SC-ura medium containing 8% glucose, which indicates a possible defect in glucose repression of transcription of the fbp1-ura4 + reporter. The strains grow well when transferred from a glucose-based medium to a gluconatebased medium, indicating a defect in glucose repression of gluconate uptake (3). Also, the strains express elevated levels of β -gal activity in cells grown in a glucose-rich medium, which shows a defect in glucose repression of fbp1-lacZtranscription (data not shown). The phenotypes co-segregate with the His + phenotype in crosses involving these strains (in 3-12 tetrads examined for each cross, two His + Git -progeny and two His -Git + progeny were observed), indicating that the integrated plasmid is responsible for the Git -Research Report mutant phenotype. This portion of the work demonstrates our ability to identify insertion mutations by plasmid integration.
Rescue of Integrated Plasmids
The next step was to rescue the integrated plasmid along with some of the genomic DNA from the site of integration into E. coli . We isolated genomic DNA from integrant strains and digested it with a restriction enzyme that cuts the plasmid in the Sac I to Eco RI portion of the polylinker between his3 + and the majority of the pBluescript II SK+ backbone containing the origin of replication and blaselectable marker for transformation of E. coli (Figure 1 ). After inactivation of the restriction enzyme, the DNA fragments were circularized by ligation and used to transform E. coli to ampicillin-resistance.
As shown in Table 1 Plasmids were rescued into E. coli from each of the three integrant strains after restriction digestion of genomic DNA and ligation (see Materials and Methods). Approximate numbers of transformants and the size of the cloned genomic DNA are presented. a Sma I, which cuts in the plasmid polylinker, and Bsa BI, which cuts in the flanking genomic DNA, produce blunt-ends that are compatible for ligation. generate E. colitransformants using several different restriction enzymes that allowed for the cloning of varying amounts of the flanking genomic DNA. The protocol is notable for its simplicity and brevity (see Materials and Methods). However, it is possible that any given integration event may occur at too great a distance from the nearest Eco RI site in the genome to allow for rescue. Many enzymes ( Sac I, Sac II, Not I, Eag I, Xba I, Spe I, BamHI, Sma I, Pst I or Eco RI) can be used for plasmid rescue. We strongly recommend that initial attempts should be made with either Eco RI or Xba I because they can be heat inactivated and digest yeast DNA more frequently than do most of the other enzymes amenable to this procedure. In addition, rescue attempts with Eco RI were very efficient, even when the recovered genomic DNA was 6.1 kb (Table 1) . Although Sma I digestion produces a blunt end that can be used in combination with other blunt-end cutters (as was done with Bsa BI; see Table  1 ), the fact that only one transformant was obtained this way, even though the insert was very small, suggests that this is not a reliable strategy. Finally, when multiple E. coli transformants were obtained, we purified and analyzed plasmids from two or three individual transformants. In each case, plasmids obtained from the same rescue protocol were identical.
Sequence Analyses of Rescued Plasmids
Rescued plasmids were sequenced to identify the site of insertion (using primer BS250) and the site cut within the flanking genomic DNA (using the T3 promoter primer). As shown in Figure 1 , these plasmids contain only one of the two junctions between the genomic and plasmid DNA from the chromosomal insertion. Therefore, we cannot determine whether or not sequence from the genomic DNA is lost during plasmid integration. The sequencing results are summarized in Table 2 and presented as a schematic in Figure 2 .
In CHP616, a small portion of the his3gene was found at the insertion junction, suggesting that a concatemer of plasmid DNA may have formed and rearranged before insertion into the genome. This observation indicates that tandem plasmid integrations could occur, complicating the rescue of flanking genomic DNA. Two of the three integrations were 5 ′ to the open reading frame and produced relatively weak mutant alleles of git5(CHP606) and pka1(CHP617) as judged from the β -gal assays (not shown). Previous studies showed that git5 + , encoding the beta subunit of a herterotrimeric G protein required for adenylate cyclase activation, and pka1 + (formerly git6 + ), encoding the catalytic subunit of PKA, are required for fbp1repression (8,9, 10; Landry, Pettit, Apolinario and Hoffman, unpublished). The third integration identified a novel gene that we determined to be git3 + by linkage and complementation tests with previously designated git3 -mutants (data not shown; 8,9). We used the flanking DNA from the Sac II-rescued plasmid to identify cosmid clones carrying the intact git3 + gene, which allowed us to clone and sequence git3 + (Welton and Hoffman, unpublished), thereby identifying the site of insertion relative to the DNA sequence analyses of the rescued plasmids using primers BS250 and T3 (see Materials and Methods) were used to determine the genes altered by plasmid insertion, the sites of insertion relative to the translational start sites and the presence of an additional 268 bp of the his3gene (accession number L19524) in CHP616. The sequence at the site of insertion is given as the proximal seven bases of the two sequences flanking the inserted plasmid. The right-most sequence was determined by sequence analysis of the rescued plasmids using primer BS250. The left-most sequence is inferred from the wild-type genomic sequence. However, it is not known if this sequence is intact in the integrant strains since the plasmid recovery does not lead to rescue of this insertion junction (see Figure 1 ). Accession numbers for the sequence entries used in determining insertion sites relative to translational start sites are AB004535 (orf3; git5 + ), AF085162 ( git3 + ) and D23667 ( pka1 + ). Figure 1) , only the sequence of the genome adjacent to the bla gene (conferring ampicillin-resistance) can be determined. The site of insertion is identified with respect to the start of translation of the affected gene. An additional 268 bp of the his3gene is present in CHP616, possibly due to concatemerization and rearrangement of the plasmid DNA before insertion.
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Vol. 28, No. 3 (2000) open reading frame. Sequence analysis from the BS250 primer also showed that only the 4 base Ngo MIV overhang was lost from plasmid pAF1 in the CHP606 and CHP617 insertions, while one additional base pair of sequence was lost in the CHP616 insertion. This observation suggests that one could carry out the insertional mutagenesis with plasmid pAF1 linearized with any of the restriction enzymes that cut uniquely in the polylinker 5 ′ to the his3 + gene ( Kpn I, Eco O109I, Apa I, Hin cII, or Sal I) without the danger of loss of his3promoter sequence during insertion. The potential advantage to varying the linearization site is that it may alter the profile of the insertion sites to generate different collections of mutants. Finally, the sequences of the genomic DNA at the three sites of integration do not indicate that plasmid insertion displays any strong sequence specificity ( Table 2 ). The sites of insertion are all A-T rich, but this is generally true of yeast genomic DNA.
CONCLUSIONS
This study demonstrates our ability to generate mutations in several genes and to rapidly clone and identify the genes affected. We did not directly address the degree to which insertions occur randomly. However, the fact that the three insertions were in three different genes suggests that the site of insertion is not too restricted for use of this technique as a method of mutagenesis. Our ability to rescue the integrated plasmid using a variety of different restriction enzymes indicates that one is unlikely to obtain an integration that is resistant to rescue because of a paucity of restriction sites in the flanking sequence. Finally, two of three integrations were 5 ′ to the affected open reading frames and conferred a weak mutant phenotype relative to the commensurate gene disruptions, which suggests that this procedure may also be effective in the identification and cloning of essential genes.
